The cognitive reserve hypothesis explains the disparity between clinical and pathological phenotypes and why, in two individuals with the same extent of neuropathology, one may be demented while the other remains cognitively intact. We examined the balance between brain magnetic resonance imaging measures of the two most common pathologies associated with brain ageing, cerebrovascular disease and Alzheimer's disease, and parameters of cerebral reserve in well-characterized participants born in 1936, for whom childhood intelligence is known. Brain magnetic resonance imaging was carried out at 1.5T using fluid attenuation inversion recovery and T 1 -weighted volumetric sequences in 249 participants. Cerebrovascular disease was quantified by measuring brain white matter hyperintensities on fluid attenuation inversion recovery images using Scheltens' scale and Alzheimer's disease was measured from volumetric data using FreeSurfer to extract whole brain volume and hippocampal volumes in turn. The effect of these measures of brain burden on life-long cognitive ageing from the age of 11 to 68 years was compared with the effect of educational attainment and occupational grade using structural equation modelling. Complete brain burden and reserve data were available in 224 participants. We found that educational attainment, but not occupation, has a measurable and positive effect, with a standardized regression weight of + 0.23, on late life cognitive ability in people without cognitive impairment aged 68 years, allowing for the influence of childhood intelligence and the two most common subclinical brain pathological burdens in the ageing brain. In addition, we demonstrate that the magnitude of the contribution of education is greater than the negative impact of either neuropathological burden alone, with standardized regression weights of À0.14 for white matter hyperintensities and À 0.20 for hippocampal atrophy. This study illustrates how education counteracts the deleterious effects of cerebrovascular disease and Alzheimer's disease and highlights the importance of quantifying cognitive reserve in dementia research.
Introduction
The cognitive reserve hypothesis explains the disparity between clinical and pathological phenotypes and why, in two individuals with the same extent of neuropathology, one may be demented while the other remains cognitively intact and possesses sufficient reserve to balance their neuropathological change brought about by ageing and disease. In this study we shall refer to these changes as 'burden'. The reserve hypothesis can be applied to many brain diseases, mainly in the fields of cognitive ageing, cognitive impairment and dementia, and also to head injury, schizophrenia, depression and multiple sclerosis (Sumowski et al., 2010) . How reserve is acquired and implemented is unclear. Stern (2002) has hypothesized that such reserve may be 'passive' or 'active'. The former implies that reserve is provided by having a bigger brain, which protects against the destructive effects of neuropathology, the latter that redundant networks are able to take over the function of damaged networks, maintaining cognitive ability in the face of deleterious pathology. Emerging evidence supports both active cognitive reserve, which may allow the brain to cope with pathology by use of pre-existing cognitive processes (neural reserve) or recruitment of compensatory networks (neural compensation) (Stern, 2009) , and passive or 'brain reserve' provided by a bigger brain or larger volumes of specific regions. The passive model of reserve does not account for individual differences in cognitive processing. Of course, the different models of reserve are not mutually exclusive and commonly used parameters of reserve, such as educational duration and attainment are likely to underlie both brain and cognitive (neural) reserve.
Many factors influence late life cognitive ability and these can be broadly regarded as a balance between positive and negative factors. The principal positive influence is childhood intelligence and it is recognized that this predicts 40-50% of the variance in fluid intelligence in the eighth decade (Deary et al., 2003) . Higher childhood intelligence will contribute to reserve through greater uptake of educational opportunities, leading to more complex occupations and diversity of leisure activities (Gold et al., 1995) . Childhood intelligence is likely to be the result of a combination of genetic and early life environmental factors. An adverse intrauterine environment resulting in low birth weight increases the risk of vascular disease in later life, although the precise mechanism of this increased risk is unknown. However, not all the variance in cognitive ability in late life can be explained by measurable positive and negative factors and cognitive reserve can be used to describe that proportion of variance unexplained by the opposing effects of measurable pre-morbid ability and neuropathology or 'brain burden'. Such cognitive reserve protects against the clinical manifestation of dementia-related neuropathology: those with more reserve present with more advanced disease (Mortimer et al., 2005) . However, once the clinical threshold is reached, those with greater reserve progress faster-in other words the point of inflection is later in those with more reserve (Hall et al., 2007) . Intuitively, this means that those with greater reserve are less amenable to early detection using cognitive measures (Querbes et al., 2009) . It is critical in cognitive decline-dementia research and in clinical trials to understand and quantify reserve.
As well as being an important confounder of cognitive outcome variables, understanding the mechanisms that permit some individuals to live independent lives in the presence of brain pathology possesses considerable societal value (EClipSE Collaborative Members, 2010) .
The two most common neuropathologies of ageing are Alzheimer's disease and cerebrovascular disease (Matthews et al., 2009) , both of which can cause cognitive impairment and dementia. Recognized imaging features of these are whole brain and hippocampal atrophy and white matter hyperintensities, respectively, both of which can be measured on brain magnetic resonance imaging (Manolio et al., 1994; Dubois et al., 2007) .
We have previously studied reserve in a sample of healthy 78-year olds and showed that cognitive ability in late life, accounting for childhood cognitive ability and brain burden (whole brain atrophy and white matter hyperintensities), is not related to total intracranial volume (as an estimate of original brain size), but is related to duration of education and occupational complexity, indicating that, in this sample, reserve is likely to be active rather than passive (Staff et al., 2004) . Here, we investigate the balance between measures of cognitive reserve and quantifiable brain imaging biomarkers of neuropathology in cognitive ageing. We studied a well-characterized, non-demented sample using an exploratory structural equation modelling approach in order to investigate the interrelations between these positive and negative influences.
Subject and methods

Participants
The Scottish Mental Survey of 1947 tested the intelligence of all children (n = 75 211) attending school, aged $11 years and is described elsewhere . Aged $64 years, 506 local survivors, known as the Aberdeen Birth Cohort of 1936, were recruited into a longitudinal study of brain ageing and health, including biannual cognitive testing. From 2003-5, aged 67-9 years, 249 of these participants gave informed consent to brain MRI and met inclusion criteria: living independently in the community, absence of dementia or known neurological disease and usual contraindications to MRI, such as presence of a cardiac pacemaker or other implanted metallic device. This study was approved by the Local Research Ethics Committee.
Cognitive testing
Cognitive ability aged 11 years was measured using the Moray House Test No. 12, which is a valid measure of intelligence and has been shown to correlate (0.8) with the Stanford-Binet Intelligence Quotient test. A psychologist administered the following neuropsychological tests in later life: Raven's Progressive Matrices (Raven et al., 1977) , a non-verbal reasoning measure of fluid intelligence; the Auditory Verbal Learning Test (Rey, 1964 ) a measure of immediate and delayed verbal memory; the Uses of Common Objects test, a measure of executive function or purposive action (Guilford et al., 1978) and the Digit Symbol test (Wechsler, 1997) , a measure of processing speed, attention and visual short-term memory.
Brain magnetic resonance imaging acquisition and analysis
Participants were imaged on a 1.5T General Electric NVi system (General Electric) using axial T 2 -weighted, fluid attenuation inversion recovery and 3D T 1 spoiled gradient recalled (SPGR) sequences with the following parameters: T 2 -weighted repetition time/echo time 4900/81.4 ms, slice thickness 5 mm, space 1.2 mm; fluid attenuation inversion recovery repetition time/echo time 9002/1.33 ms, inversion time 2200 ms, slice thickness 5 mm, space 1.2 mm; and 3D T 1 repetition time/echo time 20/6 ms, flip angle 35
, number of slices 124, effective slice thickness 1.6 mm, matrix 256 Â 92, in-plane resolution 1 Â 1 mm. White matter hyperintensities were assessed using Scheltens' scale (Scheltens et al., 1993) in the following regions: frontal, parietal, temporal and occipital white matter (the total of which gave the white matter hyperintensity score); periventricular around the frontal horns, bodies and occipital horns of the lateral ventricles (the total of which gave the periventricular hyperintensity score); deep grey matter of the caudate, putamen, thalamus and hippocampus (the total of which gave the grey matter hyperintensity score); and infratentorial regions of the midbrain, pons, medulla and cerebellum (the total of which gave the infratentorial hyperintensity score) by an experienced blinded observer. The sum of scores in these four regions gave a total Scheltens' score and this value was entered into the analysis. The T 1 -weighted images were exported and processed offline on a desktop computer running Scientific Linux (version 5.5). Volumetric segmentation was performed with the FreeSurfer image analysis suite, which is documented and freely available for download online (http://surfer. nmr.mgh.harvard.edu/). The left and right hippocampal volumes and total brain volume were extracted from the FreeSurfer output files automatically for each participant. The reciprocal of these volumes was used in analyses as an estimate of atrophy.
Cognitive reserve parameters
Estimates of how the brain had been used during adult life were maximal educational attainment, based on qualification achieved and maximal occupational grade. Values for educational attainment ranged from no qualification (Score 1) to completion of a higher or professional degree such as a Doctor of Philosophy or Doctor of Medicine (Score 9). In detail, those with no qualifications were coded 1; those with a lower leaving certificate coded 2; those with a higher leaving certificate coded 3; Scottish vocational certificate holders were coded 4; Ordinary levels/Standard grades were coded 5; those achieving Higher/Advanced Levels were coded 6, participants with undergraduate or postgraduate (Masters) qualifications were coded 7 and 8, respectively, and those with a higher or professional degree were coded 9, Occupational grade was recorded as coded by the UK's Office of Population Statistics classification (Great Britain Office of Population Censuses and Surveys, 1990) . This classifies occupational status as follows; 1: managerial, 2: professional, 3: lesser professional, 4: secretarial, 5: skilled manual, 6: semi-skilled ii, 7: semi-skilled i, 8: unskilled ii and 9: unskilled i. These categories are the best occupational level attained by an individual. This occupational classification gives higher status occupations, often with more complex cognitive demands, a low score and places unskilled manual workers in the highest classification. For the purposes of this analysis, the scale of occupational grades was inverted.
Statistical analysis and modelling
Bivariate (Pearson's) correlations were used to examine relationships between variables. Structural equation models were constructed to test the hypothesis that childhood intelligence, education and occupation would have a positive influence on late life intelligence, while brain imaging measures of subclinical cerebrovascular and Alzheimer's disease would have a negative influence. Neuropsychological tests in late life are all highly and positively inter-correlated. It is possible that factors of reserve and burden may influence discrete cognitive domains differently. One statistical approach would be to obtain an estimate of g as a latent variable within the structural equation model by including all of the raw cognitive scores. This would allow exploration of direct effects of measures of burden and reserve on separate cognitive domains not explained by g. Although possible, with the number of participants and data points presented here this would have resulted in a significantly less parsimonious model, open to the criticism of over-fitting. For this reason, we chose to reduce our cognitive data using principal components analysis prior to modelling. We constructed two structural equation models using AMOS 18. In the first we hypothesized that childhood intelligence would have a direct effect on late life ability g, education and occupation. Education and occupation were also hypothesized to have a direct effect on g. Sex was hypothesized to have a direct effect on g, whole brain atrophy and total intracranial volume. White matter hyperintensities, total intracranial volume and whole brain atrophy were hypothesized to have a direct influence on g. Hoyle and Panter (1995) guidelines were used to assess the goodness of fit for resulting models according to the following criteria: chisquared to degrees of freedom ratio close to 1, incremental fit index 40.95 and the comparative fit index 40.95. In addition, the root mean square error of approximation is reported, where a value 50.05 indicates a good fit, and 50.08 an acceptable fit.
Results
Participants Table 1 shows a comparison between participants in this brain imaging study, compared with Aberdeen 1936 Birth Cohort members who did not participate. Participants had higher childhood intelligence, late life Raven's Progressive Matrices and Digit Symbol scores. In addition, females had significantly higher (P 5 0.001) scores on the Auditory Verbal Learning Test and males had significantly greater head and brain volumes (total intracranial volume, P 5 0.001; brain volume, P 5 0.001; hippocampal volumes, P 5 0.001). There were no sex significant differences in other cognitive variables, in educational attainment or occupational grade.
Magnetic resonance imaging variables
Most participants had some white matter hyperintensities, with total Scheltens' scores ranging from 0-47 (mean 16.5). Most white matter hyperintensities were in the frontal lobes. Visual rating scales are subject to inter-observer variation. A subset of 20 image data sets was scored by a second experienced observer. The correlation between observers was r = 0.77 indicating substantial agreement. (Deary, 2003) .
Cognitive variables
Cognitive reserve variables
Most participants had educational attainment scores of 1-2, with a mean score of 3.3 and only five participants had higher or professional degrees. Occupational grade ranged from 1 to 9 with a mean of 5.4. Table 2 shows bivariate (Pearson's) correlations demonstrating significant correlations (P 5 0.05) between childhood intelligence, education, occupation and late life general intelligence factor g and between head size and brain volume variables. There were no significant relationships between cerebrovascular disease burden (white matter hyperintensities) and childhood intelligence, education, occupation or brain volume measures. However, as expected, there was a significant, negative correlation (r = À 0.24; P 5 0.05) between white matter hyperintensities and late life g. General linear modelling with sex and childhood intelligence as fixed factors showed no additional significant relationships. In particular, there was no relationship between education and any of imaging-derived variables. Preliminary analysis of Model 1 (Fig. 1) indicated that a better fit would be obtained if the error terms associated with whole brain atrophy and total intracranial volume were allowed to have a non-zero covariance. Model 2 (Fig. 2 ) is similar to Model 1; however, this time brain atrophy is replaced by hippocampal atrophy. Hippocampal atrophy is modelled as a latent variable that directly affects left and right hippocampal atrophy. Preliminary analysis of this model indicated that a better fit would be obtained if the error terms associated with total intracranial volume and hippocampal atrophy were allowed to have a nonzero covariance. The modification approach followed was that described by Jö reskog and Sö rbom (1996) and was done within AMOS 18. Following these modifications, both models demonstrated excellent fits to the data (chi-squared to degrees of freedom ratio 41.3, root mean square error of approximation 40.03). Figure 1 shows Structural Equation Model 1, which indicates that both childhood intelligence and education have a large and positive influence on late life g and that white matter hyperintensities have a negative effect. Neither occupation nor whole brain atrophy has a significant effect on late life g in this model (see Table 3 for standardised regression weights and significance). When whole brain atrophy is replaced with hippocampal atrophy in Structural Equation Model 2 (Fig. 2) , the positive influences are unchanged and both white matter hyperintensities and hippocampal atrophy have a significant and negative influence on late life intelligence (see Table 4 for standardised regression weights and significance). These models suggest that the negative effects on the left of the models are in general balanced by the positive influences on the right. It is possible that the patterns of results and significances are brought about by modification of effects within the model as a whole. Splitting the models into one positive and two negative sub-models produced models that were good to excellent fits to the data (available as online Supplementary material). The effects and patterns of significances were unchanged from the parent models. This indicates not only that the parent models are appropriate for the data, but that individual sections of the model are also appropriate and that the pattern of balance observed is authentic.
Statistical analysis and modelling
Discussion
This study adds to our understanding of cognitive reserve by showing that educational attainment, but not occupation, has a measurable and positive effect on late life cognitive ability in people aged 68 years, without dementia. Importantly, our model includes the underlying influences of childhood intelligence and the two core features of ageing brain. In addition, we demonstrate that the positive contribution of education is greater than the negative contributions of either cerebrovascular disease (measured using Scheltens' score) or Alzheimer's disease (when estimated from whole brain or hippocampal volumes) alone and similar to their combined effect, illustrating how, in normal cognitive ageing, reserve attained through education balances the effect of subclinical disease in late midlife.
Parameters of brain and cognitive reserve
These results concur with those of the French three cities (3Cs) study (Foubert-Samier et al., 2010) , which found that education, occupation and leisure activities contributed to cognitive (neural) reserve and that education alone contributed to passive (brain) reserve. Our results are also consistent with a recent report from the Epidemiological Clinicopathological Studies in Europe (EClipSE) collaboration, which found those with greater duration of education had both less dementia and heavier brains at the time of death (EClipSE Collaborative Members, 2010) . They also found no relationship between duration of education and neuropathological measures of either Alzheimer's disease or vascular disease, supporting the hypothesis that the protective effect of education acted through reserve rather than through common factors underlying differences in both education and pathology. The protective effect of educational attainment against dementia has been demonstrated in the religious orders study, minimizing the effect of other environmental influences (McDowell et al., 2007) . The inverse relationship between education and severity of molecular and structural imaging surrogates of Alzheimer's pathology has been recognized for some time (Stern et al., 1992; Bennett et al., 2003; Perneczky et al., 2006; Roe et al., 2008) . In a similar vein, Querbes et al. (2009) have argued, based on follow-up data in mild cognitive impairment and Alzheimer's disease, that MRI-derived cortical thickness is a better (albeit more expensive) method for diagnosis of these conditions than cognitive testing because of the confounding effect of education. The contribution of engagement in leisure activities to cognitive function in late midlife is established (Fabrigoule et al., 1995) and is related to the diversity of activities, rather than the duration of any individual activity (Eskes et al., 2010) .
White matter hyperintensities as a biomarker of cerebrovascular disease
Cerebrovascular disease, seen as white matter hyperintensities on brain MRI, is ubiquitous in older people and is known to be associated with reduced fluid intelligence, stroke, dementia and death (Breteler et al., 1994; Leaper et al., 2001; Verdelho et al., 2007; Debette and Markus, 2010) . The negative association of white matter hyperintensities with intelligence increases linearly with age (Murray et al., 2011) . White matter hyperintensities are most prevalent and progress fastest in the frontal lobes (Sachdev et al., 2007) , are a recognized biomarker of vascular disease (Manolio et al., 1994) and are associated with vascular risk factors such as hypertension and impaired glucose tolerance (Murray et al., 2005) . They frequently co-exist with other neuropathologies in older brains, most commonly those associated with Alzheimer's disease, and the presence of white matter hyperintensities in patients with Alzheimer's disease should be regarded as the norm, rather than the exception (van der Flier et al., 2007) . While it is possible that common genetic and/or environmental risk factors may underlie both cerebrovascular and Alzheimer's diseases, most studies have found no association between white matter hyperintensities and hippocampal atrophy (Du et al., 2006) and white matter hyperintensities are most likely to be coincidental to Alzheimer's neuropathology, with age as the major risk factor for both pathologies (Greenberg et al., 2008) . However, white matter hyperintensities in posterior parietal and periventricular regions may be more specific to Alzheimer's disease (Brickman et al., 2009) .
Hippocampal volume as a biomarker of Alzheimer's disease
Neuropathologically, the abnormal hyperphosphorylated intracellular neurofibrillary tangles of Alzheimer's pathology progress in characteristic stages from the entorhinal cortex to the neocortex (Braak and Braak, 1991) . Atrophy beginning in the entorhinal cortex and hippocampi is recognized as a structural imaging feature of Alzheimer's disease (Jack et al., 2002; Dubois et al., 2007) and hippocampal atrophy is a risk factor for cognitive decline and dementia in normal ageing (Ikram et al., 2010) . Rate of hippocampal atrophy is thought to be more accurate than crosssectional measurement (Jack et al., 2004) and a meta-analysis of rates of hippocampal atrophy in 595 people with Alzheimer's disease and 212 controls found an annualized rate of hippocampal atrophy of 4.66% in Alzheimer's disease, compared with 1.41% in controls (Barnes et al., 2009) . Some studies have shown greater preponderance for Alzheimer's pathology to affect structure or metabolism in the left hippocampus and/or left hemisphere in Alzheimer's disease (Gur et al., 1991) , but this has not been a consistent finding and depends on analytical strategy; for example, correction for total intracranial volume and/or sex (Greenberg et al., 2008) . Clearly, hippocampal and temporal grey matter atrophy are found in cognitively normal older people, but their presence is predictive of dementia and death in follow-up of wellcharacterized normal cohorts (Ikram et al., 2010; Staff et al., 2010) . Here, we have used the reciprocal of hippocampal volume as an indication of atrophy and as a parameter of Alzheimer's pathology. Using hippocampal volume as an indicator of passive reserve would be a contrary, but equally valid design. Obviously, a single measure of hippocampal volume does not indicate longitudinal atrophy and an alternative hypothesis would be that life-long small hippocampal volume was a marker for low brain reserve and an increased risk of dementia in late life.
Strengths
We have studied a narrow age range sample that is very well characterized over 410 years of follow-up. We have included a valid measure of childhood intelligence and detailed measures of late life intelligence allowing modelling of the effect of positive and negative influences on life-long cognitive change. We have included quantifiable measures of the two most common brain pathologies in late life, namely cerebrovascular disease and Alzheimer's disease. We have also tested our hypotheses using structural equation modelling, constructing logical and realistic structural models, which would not be possible using conventional regression-like approaches. The participants who volunteered for recruitment to the Aberdeen 1936 Birth Cohort were more intelligent as children and as adults lived in more affluent neighbourhoods than those who did not volunteer, thus the relationships demonstrated are unlikely to be spurious and are generalizable to the wider population.
Weaknesses
Volume may not be the only measure of passive reserve and lack of a significant relationship with volume does not preclude , 2006) . However, magnetic resonance images were scored by a single, experienced observer and the total score employed in the analyses presented here is likely to be an accurate measure of vascular burden. Educational attainment is a relatively crude metric and does not capture individual differences in intellectual activity and intellectual engagement out with formal education. We have not captured differences in reserve that may be endowed through social/leisure activities, as found in the 3C's study (Foubert-Samier et al., 2010) and there is evidence that these contribute significantly and that variety of activities is more important than time spent on any individual activity (Eskes et al., 2010) . It could be argued that the way in which we have recorded educational attainment is a weakness of our study since the data are not normally distributed and its effect may not be linear. We compared those with high and low educational attainment by splitting the data set into two groups: 120 participants were defined at having low educational attainment (no school leaving qualifications or a lower leaving certificate); 105 were defined as high educational attainment (higher school leaving certificate and above). Removing educational attainment from the models shown in Figs 1 and 2 and performing two (high and low) group structural equation models (Arbuckle, 2006; Murray et al., 2011) with direct influences (single headed arrows) fixed between the groups, with the exception of white matter hyperintensities!g, brain atrophy!g and hippocampal atrophy!g, which were allowed to be different between the groups. These models produced good/excellent fits to the data. We found no significant difference between the high and low groups in terms of the imaging measures effect on g in both modified models. This would suggest that the MRI detected brain changes have the same effect on g independent of educational attainment. A further criticism of our models may be that we do not allow for the possibility that education has a direct causal influence on brain structural measures. This possibility was not indicated by the initial correlations reported in the results. In addition general linear models, adjusting for sex and childhood intelligence, also found no association between education and brain structural measures (left hippocampus, right hippocampus, brain atrophy and white matter hyperintensities), which would support its absence in the model structure. Similarly, occupation may not be normally distributed and it is unclear if the relationships between occupation, education, childhood intelligence and g can be approximated as linear, which is assumed in our models. Our positive sub-models indicate good/excellent fits to the data. However, this should be considered as an absence of evidence for the inappropriateness of our model rather than evidence of appropriateness.
We have used structural MRI variables as measures of subclinical, dementia-related neuropathology and not explored functional MRI. Although remaining a theoretical construct, cognitive reserve is becoming more tangible with functional MRI studies beginning to show evidence of a common 'reserve network' in young people, but not old, which could equate to cognitive reserve (Stern et al., 2008) and with intellectual enrichment related to resting activity in the default network (Sumowski et al., 2010) . We have previously demonstrated, in a subgroup of the sample presented here, that those showing poorer than expected late life intelligence relocate sites of activation during the inspection time task from frontal to parietal lobes (Waiter et al., 2008) . This is equivalent to 'compensatory reserve', likely to be one of the earliest indicators of a failing brain and probably not a good thing.
The importance of understanding ageing and the complex interplay of multiple influences on cognitive ageing is clear (Singh-Manoux and Kivimaki, 2010) . Understanding how reserve might be influenced to minimize the impact of neuropathologies associated with dementia could have enormous public health implications (Brayne et al., 1998) . This is a crucial prerequisite to meaningful research in dementia and illustrates how life-long intellectual engagement can mitigate the negative impact of brain pathology even on healthy ageing.
Future work should measure the contribution of more diverse influences on cognitive reserve that might operate in early and midlife, such as socio-economic conditions (Goldbourt, 2007) and social relationships (Holt-Lunstad et al., 2010) , which might be modified through public education in order to have a positive impact on the looming public health disaster that is dementia.
